The l u m i n o s i t y r e q u i r e d of a f u t u r e l i n e a r e + ec o l l i d e r i n t h e TeV energy r a n g e p u t s h i g h demands on t h e f i n a l focus e l e m e n t s . I n p a r t i c u l a r , i f a c l a s s ic a l quadrupole arrangement i s chosen, t h e l a s t magnet should be c a p a b l e of producing a g r a d i e n t of s e v e r a l t e s l a p e r millimeter. W e have s t u d i e d t h e performance l i m i t s of a quadrupole having s o f t f e r r o m a g n e t i c p o l e s of s u f f i c i e n t l y s i m p l e geometry t o a l l o w f a b r i c a t i o n t o sub-micron t o l e r a n c e s , e x c i t e d by b l o c k s of commercial permanent magnet m a t e r i a l .
A b s t r a c t
The l u m i n o s i t y r e q u i r e d of a f u t u r e l i n e a r e + ec o l l i d e r i n t h e TeV energy r a n g e p u t s h i g h demands on t h e f i n a l focus e l e m e n t s . I n p a r t i c u l a r , i f a c l a s s ic a l quadrupole arrangement i s chosen, t h e l a s t magnet should be c a p a b l e of producing a g r a d i e n t of s e v e r a l t e s l a p e r millimeter. W e have s t u d i e d t h e performance l i m i t s of a quadrupole having s o f t f e r r o m a g n e t i c p o l e s of s u f f i c i e n t l y s i m p l e geometry t o a l l o w f a b r i c a t i o n t o sub-micron t o l e r a n c e s , e x c i t e d by b l o c k s of commercial permanent magnet m a t e r i a l .
It i s shown t h a t i t should
b e p o s s i b l e t o o b t a i n a good q u a l i t y quadrupole of l e s s t h a n 1 mm a p e r t u r e , w i t h up t o 1.4 T p o l e -t i p f i e l d . I n t r o d u c t i o n S t u d i e s a r e p r e s e n t l y underway f o r t h e next gener a t i o n of e l e c t r o n -p o s i t r o n c o l l i d e r s l~~. t o produce a u s e f u l i n t e r a c t i o n r a t e , t h e s e l i n e a r machines, w i t h a maximum centre-of-mass energy i n t h e 1-2 TeV r a n g e , r e q u i r e extremely small t r a n s v e r s e beam dimensions a t t h e c o l l i s i o n p o i n t . T h i s c a n h o p e f u l l y be achieved by a f i n a l f o c u s o p t i c s based e s s e n t i a l l y on magnetic quadrupoles, but i n c o r p o r a t i n g s o p h i s t i c at e d c h r o m a t i c correction^^,^. c u s i n g element i s t h e l a s t quadrupole b e f o r e t h e i n t e r
In o r d e r
The most c r i t i c a l foa c t i o n p o i n t : we s e e k a magnet producing a g r a d i e n t i n t h e 1-10 T / m r a n g e , w i t h a channel through which t h e s p e n t (and d i s r u p t e d ) beam c a n p a s s , and t h e a x i s of which c a n be a l i g n e d w i t h a p r e c i s i o n of some t e n s of nanometers.
I n o r d e r t o minimize t h e i n t e r f e r e n c e w i t h t h e e x p e r i m e n t a l a p p a r a t u s which w i l l be i n s t a l l e d around t h e i n t e r a c t i o n p o i n t , t h e s e magnets should themselves p r e f e r a b l y be of r e l a t i v e l y small t r a n s v e r s e dimensions; t h i s c o n s t r a i n t , t o g e t h e r w i t h t h e f a c t t h a t t h e quadrupoles may b e immersed i n t h e f i e l d of a s p e c t r o m e t e r magnet would i n d i c a t e t h e c h o i c e of p u r e permanent magnet technology and t h i s l i n e of approach i s indeed b e i n g followed up'.
It may however be less d i f f i c u l t t o s a t i s f y t h e o t h e r c o n s t r a i n t s by c a l l i n g on a h y b r i d approach w i t h permanent magnets p r o v i d i n g t h e magnetomotive f o r c e f o r a quadrupolar f i e i d produced by p o l e s of s i m p l e geometry, made from s o f t magn e t i c m a t e r i a l . The purpose of t h i s s t u d y i s t o exp l o r e such a p o s s i b i l i t y .
The Model
The c r o s s -s e c t i o n o f t h e model chosen f o r s t u d y i s shown s c h e m a t i c a l l y i n F i g . 1. R e f e r r i n g t o t h i s f ig u r e , magnetic f l u x o r i g i n a t i n g i n r e c t a n g u l a r b l o c k s , 1, of permanent magnet m a t e r i a l , i s guided t o t h e polet i p s v i a s u i t a b l y shaped s o f t magnetic m a t e r i a l , 2. The upper and lower h a l v e s of t h e quadrupole, each of which resembles somewhat a r e c o r d i n g head, a r e p o s it i o n e d w i t h r e s p e c t t o one a n o t h e r by means of nonmagnetic s p a c e r s , 3 , p r o v i d i n g a p a s s a g e , 4 , f o r t h e s p e n t beam. Magnetic s h u n t s , 5 , g i v e t h e p o s s i b i l i t y of a d j u s t i n g t h e f i e l d i n each h a l f magnet.
The p o l e r e g i o n i s shown i n d e t a i l i n F i g . 2 ; t h e c o o r d i n a t e a x e s and p o l e parameters a r e a l s o d e f i n e d h e r e . The gap, 2g, between t h e p o l e s i s determined f o r each half-magnet by a l o c a l non-magnetic s p a c e r , t h e t h i c k n e s s of which c a n be a c c u r a t e l y gauged. The p o l e s have only f l a t s u r f a c e s . The b o r e r a d i u s r b i s d e f i n e d a s t h e d i s t a n c e from t h e a x i s t o t h e 45" p l a n e .
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F i g . 1 Schematic c r o s s -s e c t i o n of t h e quadrupole

A F i g . 2 C h a r a c t e r i z a t i o n of t h e p o l e r e g i o n
The model h a s been chosen w i t h r e g a r d t o a c h i e v i n g a mechanical d e f i n i t i o n of t h e p o l e geometry t o as h i g h a n accuracy as p o s s i b l e . The d e t e r m i n a t i o n of t h e magn e t i c a x i s f o l l o w s , provided t h e u n i f o r m i t y of t h e m a t e r i a l of t h e p o l e s can be a s s u r e d . A t p r e s e n t , t h i s would seem t o be t h e p r e f e r r e d approach due t o t h e d i f f i c u l t y of d e f i n i n g t h e magnetic a x i s t o s u f f i c i e n t accuracy by means of magnetic measurements.
W e s h a l l see i n t h e next s e c t i o n t h a t , thanks t o l o c a l f o u r f o l d symmetry, even w i t h a seemingly crude f l a t s u r f a c e approximation t o t h e i d e a l h y p e r b o l i c p o l e shape, a r a t h e r c l e a n quadrupolar f i e l d c a n be obt ained .
R e s u l t s of Computations
The b a s i c parameter s t u d y was performed u s i n g che program POISSON, s i m u l a t i n g t h e magnetized permanent magnet m a t e r i a l w i t h s h e e t c u r r e n t s , and u s i n g a s t a n d -
Typical f l u x l i n e s i n one quadrant a r e shown i n F i g . 3 .
I F i g . 3 Flux l i n e s i n one quadrant of t h e magnet R e f e r r i n g t o F i g . 2 f o r t h e d e f i n i t i o n of t h e par a m e t e r s , i t h a s been v e r i f i e d t h a t t h e t a p e r a n g l e of t h e p o l e , a, should be i n t h e range 25" t o 30"; a and 13 should be s i m i l a r , b u t not n e c e s s a r i l y i d e n t i c a l .
Likewise, provided xc i s g r e a t e r t h a n 1 . 6 r b , and yc i s g r e a t e r t h a n OK e q u a l t o
x c , t h e quadrupole f i e l d i s symmetric w i t h i n t h e b o r e r a d i u s . The i n f l u e n c e of t h e r a t i o g / r b on t h e v a r i a t i o n of g r a d i e n t a c r o s s t h e a p e r t u r e i s shown i n F i g . 4 .
The maximum g r a d i e n t which c a n be o b t a i n e d i s a l s o weakly dependent on t h i s r a t i o a s can be s e e n i n F i g . 5. Nominally, i . e . a s s uming low-carbon s t e e l t 
y p e c h a r a c t e r i s t i c s f o r t h e p o l e s , i t can be s e e n t h a t t h e g r a d i e n t COKKeSpOndS t o a p o l e -t i p f i e l d of about 1.4 T . It h a s been v e r i f i e d t h a t t h i s c a n be trimmed o v e r t h e range 1 0 t o 100 % of f u l l f i e l d by s u i t a b l e c h o i c e of t h i c k n e s s and p o s i t i o n of t h e magnetic s h u n t .
S t u d i e s have a l s o been made on how t o t a k e advsnt a g e of t h e f a c t t h a t t h e r e q u i r e d good f i e l d a r e a i s u s u a l l y e l l i p t i c a l r a t h e r t h a n c i r c u l a r . It i s found t h a t any d e p a r t u r e from f o u r f o l d symmetry i n t h e immed i a t e v i c i n i t y of t h e b o r e l e a d s t o s i g n i f i c a n t complic a t i o n of t h e p o l e geometry f o r s i m i l a r g r a d i e n t qual i t y . For t h e example of F i g . 6 , t h e nominal g r a d i e n t
i s 4 T/mm, w i t h good f i e l d a s shown i n F i g . 7 . The g a i n i s about 15 % i f we c o n s i d e r t h e l a r g e r u s e f u l a p e r t u r e i n t h e v e r t i c a l p l a n e , and i f t h e reduced a p e r t u r e i n t h e h o r i z o n t a l p l a n e i s a c c e p t a b l e .
The e f f e c t of e r r o r s i n p o l e geometry h a s been computed by i n t r o d u c i n g d i s p l a c e m e n t s of t h e c o r n e r s of one O K more p o l e s . T y p i c a l l y f o r a symmetric quadrup o l e of b o r e r a d i u s 0.5 mol, t h e i n f l u e n c e of random e r r o r s of up t o 1 pm would appear t o be a c c e p t a b l e . The asymmetric magnet i s more s e n s i t i v e t o such e r r o r s .
C o n s t r u c t i o n
It i s envisaged t h a t a complete 1-2 m long magnet w i l l b e essembled from i n d i v i d u a l l y optimized 20-100 mm long modules. T h i s w i l l p r o v i d e convenient u n i t s f o r micro-machining and measurement, and t h e p o s s i b i l i t y of l o n g i t u d i n a l s c u l p t u r e of t h e g r a d i e n t and c r o s ss e c t i o n . The l a t e r a l s p a c e r s w i l l b e p a r t of a r i g i d g i r d e r s t r u c t u r e , f i n e adjustment of t h e a x i s b e i n g achieved by displacement a n d / o r deformation of t h i s g i r d e r u s i n g a series of p i e z o -e l e c t r i c j a c k s . changes i n g r a d i e n t w i l l be o b t a i n e d by adding o r t a k i n g away modules, f i n e changes by equipping one of t h e modules w i t h a d j u s t a b l e magnetic s h u n t s o r c o i l s . The s i m i l a r i t y of t h e b a s i c half-module t o a r e c o r d i n g head would suggest t h a t t e c h n i q u e s e x i s t f o r o b t a i n i n g t h e r e q u i r e d sub-micron t o l e r a n c e s 7 .
Magnetic measurements Coarse
The small a p e r t u r e of t h e s e magnets l i m i t s t h e c h o i c e of t e c h n i q u e s which can be a p p l i e d t o t h e i r measurement. The c l a s s i c a l method of i n t e g r a t i n g t h e v o l t a g e induced a c r o s s a w i r e when i t i s d i s p l a c e d i n t h e f i e l d would however appear t o be v i a b l e . A s t h e magnet can be assembled around t h e w i r e , w e e n v i s age d i s p l a c i n g a module r e l a t i v e t o a f i x e d wire t o g e n e r a t e t h e s i g n a l . High demands a r e placed on t h e q u a l i t y of t h e i n t e g r a t o r , and t h e system w i l l have t o be c a r e f u l l y s h i e l d e d a g a i n s t n o i s e . Techniques u s i n g t h e f o r c e d v i b r a t i o n of t h e magnet t a b l e and/or t h e n a t u r a l v i b r a t i o n of t h e wire a r e a l s o under i n v e s t i g at i o n . 
Materials
For t h e permanent magnet m a t e r i a l , commercial samarium-cobalt should b e s u i t a b l e . I t s magnetic performance i s adequate f o r t h i s purpose, and i t s s t a b i l it y w i t h r e g a r d t o t e m p e r a t u r e and r a d i a t i o n i s f a r s u p e r i o r t o t h a t of neodymium-iron-boron. The i n i t i a ll y h i g h e r v a l u e o f (BH)max of t h i s l a t t e r m a t e r i a l o n l y l e a d s t o a n improvement of a few p e r c e n t a t most i n t h e s t r e n g t h of t h e magnet d i s c u s s e d h e r e .
A s r e g a r d s t h e p o l e s , we s e e k a m a t e r i a l h a v i n g high p e r m e a b i l i t y and h i g h s a t u r a t i o n i n d u c t i o n . The s i z e of t h e magnetic domains i n r e g u l a r b u l k magnet s t e e l b e i n g of t h e o r d e r of some t e n t h s of a m i l l im e t e r , i t i s u n l i k e l y t h a t t h i s m a t e r i a l w i l l be s a t i sf a c t o r y a s such.
I n t h e form of s t a c k e d s p l a t -c o o l e d s h e e t , however, t h i s , o r even b e t t e r , i r o n -c o b a l t a l l o y s may prove t o be s u i t a b l e 6 . would be a n a t u r a l c h o i c e , b u t t h e h i g h e s t v a l u e of s at u r a t i o n i n d u c t i o n c u r r e n t l y a c h i e v a b l e i s about 1 . 7 T .
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Conclusion
Micro-quadrupoles g e n e r a t i n g magnetic g r a d i e n t s of up t o about 5 T/mm appear t o be f e a s i b l e . For t h e purposes of o p t i c s and a p e r t u r e s t u d i e s , one should assume a p o l e -t i p f i e l d of 1.4 T. The p o s s i b l e advantages of t h e h y b r i d permanent m a g n e t / s o f t p o l e d e s i g n f o r t h i s a p p l i c a t i o n warrant f u r t h e r s t u d i e s and model work i n p a r a l l e l w i t h t h a t underway f o r t h e p u r e permanent magn e t d e s i g n . 
